Thin films of the normal paraffins tetracosane (C^H^), triacontane (C30H62) and tetratriacontane (C^H^) have been examined by electron diffraction when deposited on stainless steel, copper or collodion. Both the reflexion and the transmission techniques have been employed. The results of rubbing the films have been ascertained, and the orientations observed have been explained in terms of the crystal structure of the normal paraffins.
I t has been found th a t a t room temperatures, films of normal paraffins such as w-tetracosane, w-triacontane and w-tetratriacontane are invariably crystalline, both before and after subjection to sliding shear. The molecular positions observed relative to the surface are completely determined by the crystal structure. When such films formed on metallic surfaces are heated, they lose their orderly arrange ment a t some temperature which depends upon molecular composition and film thickness. This disorientation temperature is lowest for the monolayer and tends towards the bulk melting-point with increasing film thickness. In films only one molecule thick, this disorientation may be considered as a transition of the adsorbed paraffin film from a condensed to an expanded state.
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Apparatus
The electron diffraction camera employed was of the Finch type, and has been described by Finch & Wilman (1937) . The main addition to this equipment was a reflexion fitting which could be heated electrically in the camera whilst the diffrac tion pattern from the film upon the surface was being examined. This was provided with interchangeable stainless steel and copper specimen surfaces; the temperature a t the surface being examined was measured by means of an iron-eureka thermo couple. I t could be heated to at least 250° C without damage. The whole assembly fitted into a standard camera port with the usual ground and greased joint, the electrical leads being brought out of the camera through bushes in the specimen carrier.
Preparation of reflexion specimens
Films of the normal paraffins tetracosane (C24H50), triacontane (C30H 62) and tetratriacontane (C^H^) have been examined on metal surfaces and on thin films of collodion, using the transmission technique in the latter case. The metal surfaces used were stainless steel and copper, polished by conventional metallurgical methods, and electrolytically polished stainless steel, all in the form of 1 in. disks. The electrolytic polish was obtained using a bath of two parts of acetic anhydride and one of perchloric acid, as described by Jacquet & R-ocquet (1939) .
Electron diffraction patterns from both the stainless steel surfaces showed no signs of preferential scattering, despite the crystalline nature of the electrolytically polished surface. This lack of pattern was probably due to the flatness of the surfaces Patterns from the copper disclosed the presence of air-formed films of cuprous oxide or sulphide. I t is well recognized that, with few possible exceptions, no metallic surface exposed to air is composed simply of the bare metal. Any oil film must be present on top of a surface film of oxide or sulphide, and this applies as much to the surfaces used in engineering practice, as to those employed in the present experiments. I t must be remembered, too, that even the finest mirror finish is quite rough on a molecular scale.
Films for reflexion purposes were formed by placing a known quantity of a solution in isohexane of one of the paraffins on one of the reflexion disks, and adding sufficient pure solvent to spread the solution over the whole surface. The specimen was then rotated at about 70 r.p.m. about a vertical axis through the centre of the disk, while the solvent evaporated. To retard the evaporation, the rotating speci men was enclosed in a 5 in. cube wooden box, the atmosphere in which was kept nearly saturated with solvent vapour. In this way, it was believed th a t an even continuous film of paraffin would be deposited; subsequent observations have confirmed this.
The diffraction patterns from different film thicknesses were substantially the same, and from them the area of surface occupied by a single molecule in a monomolecular layer was found to be 18-5 A2. Having deduced this, the quantity of solution deposited on the surface could be regulated to give any chosen number of molecular layers.
K. G. Bru mm age
The structure of unrubbed films on metals Figure 1 , plate 13, is a good example of the patterns obtained. The same pattern was obtained in all azimuthal directions, so th at the paraffin was orientated in such a way th at its structure was symmetrical about an axis normal to the surface. Consideration of the spacing of the horizontal zones upon which the diffractions were grouped led to the conclusion th at they were successive orders of diffractions by the alternate carbon-carbon spacing of 2-54A in the zigzag w-paraffin molecule. The planes of the molecules were normal to the surface, and in all azimuths relative to the incident beam.
I t can be deduced th at for a film composed of independent molecules arranged in this manner, the intensity distribution along a zone or layer line is proportional to (1 ± J0(Bx tan <f))), where x is the distance along a layer line, < j) is the angle between the lines joining the end carbon atom of a molecule to the two neighbouring carbon atoms in the chain, and B -na/XL, a being the distance bet atoms in the chain, A the wave-length of the electron beam and L the camera length from specimen to photographic plate. The positive sign applies to even order zones and the negative to odd orders. This expression was given by Germer & Storks (1938) and applied by them to barium stearate patterns.
The intensity distributions in figure 1 are in good agreement with the theoretical ones, but in addition to the diffuse zone pattern, there is on figure 1 a strong pattern of vertical streaks, indicating bhe existence of crystal structure in the film. All the observed streaks are explicable in terms of the n-paraffin structure given by Muller (1928) , in which the unit cell is orthorhombic, with a -7-45A, 6 = 4-97A and c about twice the length of a molecule, the molecular axes being parallel to the c-axis of the unit cell. Since the diffuse pattern indicates th a t the molecular planes are normal to the surface and in random azimuth, the crystals into which the molecules are grouped must be in random (001) orientation on the surface.
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Crystal diffractions can occur only where the diffuse pattern due to the in dependent molecules is strong, and a study of the reciprocal lattice of the w-paraffin crystals leads to the conclusion th at the streaks must occur on the diffuse hori zontal zones at distances, s, from their centres, where s is given by In this equation, h and Jc are Laue indices relative to the a-and 6-axes respec tively. The closeness of the agreement is shown in table 1, where the mean values of s/XL from about 100 patterns are compared with the calculated values of , using a = 7-45 A and 6 = 4-97 A. The (001) orientation of the w-paraffin crystals having been thus established, it follows immediately from a knowledge of the positions of the four molecules in the unit cell that the area occupied by one molecule on the surface is |( 7-45 x 4*97) A2, or about 18-5A2, as stated on p. 416. In figure 1 , the diffraction patterns due to the crystals and to the ungrouped molecules exist together. Two explanations are possible. Either the films consisted of a mixture of crystals and isolated molecules, or they were completely crystalline with the molecules executing thermal motions within the lattice. In view of the pronounced crystalline structure of the paraffins and of the weakness of the Van der Waals bonding between neighbouring molecules, the latter explanation is much the more probable. The production of diffuse patterns by molecules in thermal motion has been discussed by Charlesby, Finch & Wilman (1939) in the case of anthracene. The conditions in ^-paraffin crystals are very similar except that complete rigidity of the molecules cannot be assumed.
The elongation of the crystal diffraction streaks is determined mainly by the length of crystal grating normal to the surface available to diffract the electrons. It corresponded in this case to about 35 A, the depth to which the electrons were able to penetrate the films. The upper surfaces of the films must have been veryflat on a molecular scale, otherwise projections of paraffin would have allowed access to gratings much longer than 35 A.
The width of diffraction streaks along the layer lines is a measure of the crystal size in directions parallel to the surface. This varied with the thickness of the layer and with rubbing treatm ent, and is subsequently referred to simply as 'crystal size'.
The differences between the diffraction patterns from the three normal paraffins studied were small, except th at for a given number of molecular layers deposited without rubbing on the same surface, the crystal size was larger with larger molecules.
For a given paraffin, crystal size increased with film thickness. W ith triacontane and tetratriacontane, the sharpness of the streaks was so good for a four molecular layer th at little improvement was to be observed in thicker films. If a quantity equivalent to 50 layers or more was deposited, the (001) orientation broke down, and the sharpness of the pattern decreased. Rings were also observed characteristic of a film structure of randomly disposed w-paraffin crystals.
The influence of the substrate metal was found to be small. No difference could be detected between the patterns from films on conventionally polished stainless steel and on copper, although patterns from films on electrolytically polished stainless steel were slightly more diffuse, indicating a somewhat smaller crystal size.
In all film thicknesses, the orientation of the molecular axes normal to the plane of the surface was excellent. This is surprising when it is remembered th a t the surface was rough in terms of molecular dimensions. I t leads to the conclusion that, whilst much of the film was in direct contact with the solid substrate, many of the molecules were supported in the crystal lattice in such a way th at they bridged over the hollows in the surface.
The structure of rubbed films on metals
Films of various thicknesses on metals were subjected to shear by placing the surfaces face downwards on clean no. 5 W hatman filter paper and moving them gently over the paper for a total distance of 45 cm. in one direction. The pressure applied had no appreciable effect upon the patterns subsequently observed. This method of rubbing was used by Finch (1938) , in the study of stearic acid films.
Rubbed films were examined in the diffraction camera with the beam both along and a t right angles to the rubbing direction. The principal structural changes observed were of two kinds:
(1) Change of crystal size and perfection of orientation of the vertically o rie n ta te molecules.
(2) Change of crystal orientation, A small but appreciable increase in crystal size occurred in one-and twomolecular layer films. Occasionally, also, patterns similar to figure 2, plate 13, were obtained, indicating th at the layer structure had broken down to give crystals in approximate (001) orientation, but not so accurately alined as in films giving the pattern of figure 1. In thicker rubbed films, an additional pattern of arcs was often observed super imposed on the usual layer line pattern. Figures 3 and 4 , plate 13, show welldeveloped examples of the patterns obtained with the beam parallel and at right angles, respectively, to the direction of rubbing. In figure 4 , the direction of motion of the rubbing paper across the surface was from right to left. The additional arcs in these two figures are due to w-paraffin crystals in which the c-axis is alined in the direction of rubbing, and making an angle of about 3° with the surface. This is shown by the grouping of the arcs in figure 4 upon zones spaced a distance apart corresponding to diffraction by the alternate carbon-carbon spacing of the molecules, and making an angle of 3° with the normal to the shadow edge. The 3° angle of tilt of the c-axis, th at is of the molecular axes, always subtended the direction from which the rubbing surface approached.
The radii of the arcs on the roughly vertical zone through the undeflected spot in figure 4 show that their Laue indices are 110, 200, 220 and 400, so th at the crystals had either their (110) or their (100) planes parallel to the surface, with the exception of the 3° tilt. The positions and radii of the arcs of figure 3 confirm the deductions from figure 4.
This type of crystal orientation in the rubbed films, that is mixed (110) and (100) orientations with the molecular axes alined in the rubbing direction and making and angle of 3° with the surface, was observed in rubbed films of triacontane and tetratriacontane when deposited on conventionally polished copper or stainless steel, but not on electrolytically polished stainless steel. Tetracosane did not give evidence of these orientations on any of the surfaces employed.
The structure of films on collodion
Thin films of the three paraffins studied were examined by the transmission technique after deposition upon collodion films mounted on nickel gauze. The collodion contributed a pattern of diffuse haloes which could not be confused with the paraffin patterns. The films were formed on the collodion either by direct application of isohexane solution, or by forming the paraffin film on hot or cold water and removing it on collodion after evaporation of the solvent.
A wide variety of transmission patterns was obtained, and typical examples are shown in figures 5-8, plate 14; in all these the incident beam was normal to the specimen film. Generally, different types of patterns were yielded by different parts of the same specimen.
Photographs similar to figures 5 and 7 were usually obtained from specimens deposited direct from solution on the collodion, and from films spread on cold water. Thev are both due to films consisting of crystals with their c-axes normal to the plane of the collodion, but otherwise unorientated. In figure 7 the axes of the dy of the structure of thin film s of normal paraffins 419
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molecules are all tilted slightly in one direction, due, in all probability, to sagging of the collodion between the meshes of the nickel gauze support. The (001) orienta tion was verified in such cases by tilting the film through 45° about an axis normal to the incident beam; the resultant pattern always consisted of arcs on a set of zones parallel within a few degrees to the axis of rotation. I t follows th a t the molecular axes were all parallel to each other and inclined a t only a small angle to the beam when this was incident normally on the film. Since the crystals in figures 5 and 7 are in random (001) In addition to the random (001) orientation giving rise to figures 5 and 7 the crystals were often arranged to give the pattern of figure 6, especially in films formed on hot water. Here, the c-axis is again normal to the collodion, but the a-and 6-axial directions are not randomly distributed parallel to the surface. Instead the rectangle formed by the a-and 6-axes occurs in three positions only, in which corresponding axes make angles of 120° with each other. The angular extent of the arcs of figure 6 shows th at the axes may occupy positions about ± 5° on either side of the 120° directions. It then becomes possible for the (110) planes of one group to lie parallel to the (100) planes of one of the others, since the angle between these planes in the unit cell is 56°. The crystal grouping giving rise to figure 6, therefore, seems to be due to a form of twinning in which the (100) and (110) planes lie parallel to each other. This pseudo-hexagonal arrangement was first observed and explained by Garrido & Hengstenberg (1932) , using the w-paraffin heneicosane, C21H 44; it appears from the present work th at the tendency to form pseudo-hexagonal groupings is common to all the normal paraffins. Similar diffraction patterns have also been obtained from stearic acid (Germer & Storks 1938) and from fatty acid esters (Coumoulos & Rideal 1941) .
Occasionally, diffraction patterns due to large single crystals in (001) orientation have been observed, usually in conjunction with the pseudo-hexagonal type of pattern. They take the form of a rectangular grid of spots with unit translations and AX/6. One film of triacontane deposited directly on to collodion gave the pattern of figure 8, due to crystals in (001) orientation and exhibiting strong alinement of the a-and 6-axes to form a rough mosaic single crystal.
Summarizing the transmission results, the crystals are always in (001) orientation on the collodion. The distribution of the crystals about the normal may be random, pseudo-hexagonal, large single crystals, or small crystals so alined as to approxi mate to a single crystal.
The heating of normal paraffin films
The experiments described above have been concerned primarily with the structure of normal paraffin films at room temperature, both before and after they have been subjected to shear. Another aspect requiring study from the lubrication viewpoint is the effect of heat upon such films. Accordingly, heated reflexion specimens have been examined.
The diffraction pattern on the fluorescent screen was watched as the temperature of the specimen increased, and it was observed th at the bright parts of the pattern gradually became diffuse, and eventually disappeared. I t was evident th at the crystal structure broke down with increasing temperature, and finally even the vertical orientation of the molecular axes was lost, leaving an apparently blank screen. The loss of pattern was due simply to disorientation, and not to complete loss of the film by volatilization, because a coherent pattern always returned on allowing the specimen to cool.
The temperature at which disorientation occurred was taken to be th a t at which the screen finally became blank. I t was measured for a range of thicknesses of the three paraffins used in the previous work, both on stainless steel and on copper with conventionally polished surfaces. The readings are plotted in figure 9 as functions of film thickness for the two metals. I t must be remembered that the diffraction patterns give information applicable only to the top surfaces of the thicker films.
With all three paraffins the disorientation temperatures were low for the monolayers and increased with the thickness of the film, approaching asymptotically the bulk melting-points of 53, 68 and 76° C for the 24, 30 and 34 carbon atom chains, respectively.
The curves of figure 9 confirm that the method of film deposition employed gave rise to even continuous films, and not simply to crystal aggregates. Only on the former assumption can a dependence of disorientation temperature upon quantity deposited be explained. If the film had consisted of scattered crystal aggregates, the disorientation point should have been equal to the bulk melting-point, in dependently of the quantity deposited.
The heating of thick films of tetratriacontane has been described by Beeck, Givens & Smith (1941) . They observed the fading of the electron diffraction pattern near the bulk melting-point, but believed it to be due to the evaporation dy of the structure of thin film s of normal paraffinsof the film. In view of the reappearance of the pattern on cooling, this view cannot be correct. The significance of the disorientation temperature is of much interest from the lubrication viewpoint. In thick films it corresponds to the melting of the film; with monolayers, however, it may be regarded as a transition from a condensed to an expanded monolayer, using these terms in the same sense as when applied to monolayers on water. The lack of diffraction patterns from monolayers above the disorientation point shows th at the molecular axes are randomly distributed in space. It follows th at if the film is to remain on the surface, one end of each molecule must be firmly anchored, while the rest of the chain is free to take up any position in space above the surface, th at is, the film is of the expanded type. The existence of such films has been visualized by Frewing (1943) , as a result of friction experiments on long-chain compounds.
number of molecular layers F ig u r e 9. Disorientation temperatures as a function of film thickness, a, films on stainless steel; h, films on copper, x tetracosane. © triaeontane. 0 tetrat riacontane.
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Discussion of results
The above results show that a thin film of a w-paraffin upon a metal consists of a continuous and evenly spread layer, in which the molecular axes are normal to the substrate surface. The film bridges over valleys and pits upon the surface. In the case of monolayers, this means th at the usual crystal structure is impossible, since the normal paraffin unit cell contains two pairs of molecules placed end to end. Nevertheless, the lateral grouping of the molecules on a rectangular cell of 7*45 x 4-97 A remains, although the crystal size is small. Thicker films are probably composed of even numbers of molecular layers arranged in the usual crystal structure. A film formed from a quantity of paraffin calculated to give an odd number, n, of layers is almost certain to consist of a mixture of films containing either (n + 1) or (n -1) molecular layers. Measurements have been made from the spacings of the diffuse layer lines of figure 1, plate 13, and of the almost vertical zones of figure 4, plate 13, of the value of the para meter a in the paraffin chain, th at is, the distance between alternate carbon atoms. Correction was necessary in the former case for the inner potential effect and the value of a obtained as the result of measuring about 100 patterns was 2-66A with a probable error of + 0 03 A. The inner potentials observed were between 1 and 2 V, and were calculated as described by Thomson & Cochrane (1939) . The value of a -2-66 A is in excellent agreement with that obtained by Murison (1934) from electron diffraction patterns of fats and greases, but does not check with the accepted value, based on X-ray measurements, of 2-54A. The figures for a cal culated from the almost vertical zones of figure 4 were, however, in agreement with the X-ray value. The discrepancy between the electron and X-ray measure ments, therefore, seems to be due to something inherent in either the production or measurement of horizontal layer lines of the type shown in figure 1. No adequate explanation has so far been found
In correlating the reflexion and transmission results, it must be remembered that in reflexion experiments the area grazed by the beam is comparatively large; thus, the fact that in the experiments described above only random (001) orienta tion was observed by reflexion does not preclude the existence of large single crystals or of pseudo-hexagonal arrays at various azimuths to the beam within the area under examination, so that structures similar to those observed on collodion may well exist on metals.
In all the films examined, the molecular axes have been observed to make angles of either 90° or 3°, with the metal surface. The reason for the appearance of these angles becomes clearer from a consideration of the molecular arrangement in the (010) planes of the w-paraffin crystal; these planes are normal to the surface in the alined (100) orientation with a 3° slope, as observed in the rubbed films. The molecular positions are shown diagrammatically in figure 10 . The full lines repre sent molecules in the plane of the paper and the chain lines those at a distance bj2above or below the paper. It is evident that the only planes normal to the paper which can be drawn through this array without intersecting molecules are the (001) and (201) planes, whose traces have been inserted in figure 10 . For a paraffin containing about thirty carbon atoms, the angles between these planes and the c-axis are 90° and about 3° respectively, which are indeed the only angles observed between the molecular axes and substrate. Hence, the occurrence of these angles in the films is to be expected simply on crystal structure considera tions. The observation of other angles would mean th a t molecules were lying partly within and partly outside the surface. For this explanation to be valid, it is necessary to assume th at parts of the surface are sufficiently flat to form a basis upon which (001) and (201) The above discussion offers some explanation of the (001) orientation and of the alined (100) orientation with a 3° slope of the c-axis to the substrate and shows th a t the latter could more strictly be called (201) orientation. I t is generally observed in conjunction with crystals in alined (110) orientation, also with a 3° slope. The occurrence of (100) and (110) planes parallel to each other immediately suggests the existence of pseudo-hexagonal grouping, and, indeed, this furnishes an adequate explanation of the alined (110) orientation. I t is due to crystals built up on those in (201) orientation in accordance with the pseudo-hexagonal grouping.
When a thin film of a n-paraffin upon a metal surface is subjected to rubbing, the following sequence of events seems to take place. First, if the pressure applied is sufficient, the thickness of the film is reduced mechanically until the surfaces are kept apart by an adsorbed layer of w-paraffin only a few molecules thick. Actual contact may occur between the surfaces a t high spots. The work of Bowden & Tabor (1939) shows th a t such areas of contact are small, but if they occur, a large local rise of temperature is observed (Bowden & Ridley 1936) . This temperature rise is momentary, but the heat liberated by successive contacts is sufficient to cause a rise in the general temperature of the surfaces.
Since the film of w-paraffin between the surfaces is only a few molecular layers thick, the increase in temperature is probably sufficient to cause disorientation of the film, so th at the surfaces are actually kept apart by an expanded film. The molecules in such a film are free to take up any position required to support the load; they will remain between the surfaces unless conditions become so severe th a t desorption takes place. Should this occur, large scale contact between the surfaces is inevitable.
After passage of the rubbing surfaces over each other, the expanded film cools, and crystallization sets in. The foregoing discussion shows th at the crystals should be in (001) and (201) orientations only, as observed; it would, however, be expected th at the c-axes in the (201) orientation would be in random azimuth, and not in one direction only, parallel to the rubbing direction with the 3° tilt subtending the direction from which the rubbing surface approached. The explanation probably lies in the fact th at the departing rubbing surface exerts a shear on the newly formed crystals. Those in (201) orientation are not as firmly attached to the surface as those in (001) orientation, because in the former case, only half of the molecules have their ends in contact with the surface, as is shown by figure 10 . Also, the number of contacting molecules per unit area is much greater in the (001) orienta tion. Hence, the shearing force is much more likely to remove crystals in (201) orientation; those in the observed position are able to resist shear more effectively than those in any other azimuth, because there is in th at case a component of the shearing force tending to hold the molecules on the surface.
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